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In this paper we estimate the size of twist-3 corrections to the deeply virtual meson production in
neutrino interactions due to the chiral odd transversity Generalized Parton Distribution (GPD). We
conclude that in contrast to pion electroproduction, in neutrino-induced reactions these corrections
are small. This happens due to large contribution of unpolarized GPDs H, E to the leading-
twist amplitude in neutrinoproduction. We provide a computational code, which can be used for
evaluation of the cross-sections accounting for these twist-3 corrections with various GPD models.
Our results are particularly relevant for analyses of the pion and kaon production in the Minerva
experiment at FERMILAB.
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I. INTRODUCTION
Nowadays one of the key objects used to parametrize nonperturbative structure of the target are the generalized
parton distributions (GPDs). For the kinematics where the collinear factorization is applicable [1, 2], they allow
evaluation of the cross-sections for a wide class of processes. Today all information on GPDs comes from the electron-
proton and positron-proton measurements performed at JLAB and HERA, in particular from deeply virtual Compton
scattering (DVCS) and deeply virtual meson production (DVMP) [1–16]. The forthcoming CLAS12 upgrade at JLAB
will help to improve our understanding of the GPDs [16]. However, in practice, the procedure of extraction of GPDs
from experimental data is subject to the uncertainties, like large BFKL-type logarithms in the next-to-leading order
(NLO) corrections [17] in the HERA kinematics; contributions of the higher-twist components of GPDs and the pion
distribution amplitudes (DAs) in the JLAB kinematics [18–21], or uncertainties in vector meson DAs in case of ρ-
and φ-meson production.
From this point of view, consistency checks of the GPD extraction procedure from experimental data, especially of
their flavor structure, are important. Earlier we proposed to study the GPDs in deeply virtual neutrinoproduction of
the pseudo-Goldstone mesons (π, K, η) [22] with the high-intensity NuMI beam at Fermilab, which recently switched
to the so-called middle-energy (ME) regime with an average neutrino energy of about 6 GeV, and potentially is
able to reach energies up to 20 GeV, without essential loss of luminosity. The νDVMP measurements with neutrino
and antineutrino beams are complementary to the electromagnetic DVMP. In the axial channel, due to the chiral
symmetry breaking we have an octet of pseudo-Goldstone bosons, which act as a natural probe of the flavor content.
Due to the V −A structure of the charged current, in νDVMP one can access simultaneously the unpolarized GPDs,
H, E, and the helicity flip GPDs, H˜ and E˜. Besides, using chiral symmetry and assuming closeness of parameters of
pion and kaon, full flavour structure of the GPDs can be extracted.
It is worth reminding that the cross-sections were evaluated in [22] in the leading twist approximation, and for a
correct extraction of the GPDs at the energies of MINERvA in ME regime, an estimate of the higher twist effects
is required. The first twist-3 correction arises due to contribution of the transversely polarized intermediate virtual
bosons and is controlled by convolution of poorly known transversity GPDs HT , ET , H˜T , E˜T and twist-3 DAs of
pion. While this correction vanishes at asymptotically large Q2, at moderate Q2 in electroproduction it gives a sizable
contribution, which was confirmed in the CLAS experiment [16]. In case of neutrino-production situation is different
since due to V − A structure of the weak currents there is an additional and numerically dominant contribution of
the unpolarized GPDs H, E to the leading twist amplitude. In this paper we analyze the relative size of the twist-3
contributions to the neutrino-production of pions and demonstrate that they are indeed small. In this respect we
differ from [23], where the contribution of chiral odd GPDs was assumed to be numerically dominant.
The paper is organized as follows. In Section II we evaluate the Goldstone meson production by neutrinos on
nucleon targets accounting for higher twist effects. In Section III, for the sake of completeness we highlight the
properties of the GPD parametrization used for evaluations. In Section IV we present numerical results and make
conclusions.
2II. CROSS-SECTION OF THE νDVMP PROCESS
The cross-section of the Goldstone mesons production in neutrino-hadron collisions has the form
dσ
dt dxBdQ2dφ
= ǫ
dσL
dt dxBdQ2dφ
+
dσT
dt dxBdQ2dφ
+
√
ǫ(1 + ǫ) cosφ
dσLT
dt dxBdQ2dφ
(1)
+ ǫ cos 2φ
dσTT
dt dxBdQ2dφ
+
√
ǫ(1 + ǫ) sinφ
dσL′T
dt dxBdQ2dφ
+ ǫ sin 2φ
dσT ′T
dt dxBdQ2dφ
,
where t = (p2 − p1)2 is the momentum transfer to baryon, Q2 = −q2 is the virtuality of the charged boson, xB =
Q2/(2p ·q) is Bjorken x, φ is the angle between the lepton and meson production scattering planes, and we introduced
shorthand notations
ǫ =
1− y − γ2y24
1− y + y22 + γ
2y2
4
, γ =
2mNxB
Q
, y =
Q2
sxB
.
In the asymptotic Bjorken limit the cross-section is dominated by the first angular independent term
ǫ dσL/dt dxBdQ
2dφ which was studied in our previous paper [22] and is a straightforward extension of the elec-
troproduction of pions studied in [20, 21, 24–28]. As we will see below the twist-3 corrections are small, for this reason
it is convenient to normalize all the cross-sections in (1) to this term,
dσ
dt dxBdQ2dφ
= ǫ
dσL
dt dxBdQ2dφ
∑
n
(cn cosnφ+ sn sinnφ) (2)
and discuss higher-twist effects in terms of harmonics cn, sn. In what follows, it is convenient to introduce a photon
helicity matrix σαβ defined as
σαβ =
1
2
∑
νν′
A∗ν′0,ναAν′0,νβ , (3)
where Aν′0,να is the amplitude of the corresponding process in helicity basis, and ν, ν′ are the polarizations of the
initial and final baryon. In terms of σαβ the cross-sections in (1) can be written as
dσL
dt dxBdQ2dφ
= Γσ00 (4)
dσT
dt dxBdQ2dφ
= Γ
(
σ++ + σ−−
2
− µ
√
1− ǫ2σ++ − σ−−
2
)
(5)
dσLT
dt dxBdQ2dφ
= Γ
(
Re (σ0+ − σ0−)− µ
√
1− ǫ
1 + ǫ
Re (σ0+ + σ0−)
)
(6)
dσTT
dt dxBdQ2dφ
= −ΓRe (σ+−) (7)
dσL′T
dt dxBdQ2dφ
= −Γ
(
Im (σ+0 + σ−0) + µ
√
1− ǫ
1 + ǫ
Im (σ−0 − σ+0)
)
(8)
dσT ′T
dt dxBdQ2dφ
= −Γ Im(σ+−) (9)
where we introduced shorthand notations Γ and µ, which for the charged current (CC) and neutral current (NC)
are defined as
ΓCC =
G2F f
2
Mx
2
B
(
1− y + y22 + γ
2y2
4
)
64π4Q2 (1 +Q2/M2W )
2
(1 + γ2)
3/2
, (10)
ΓNC =
G2F f
2
Mx
2
B
(
1− y + y22 + γ
2y2
4
)
64π4 cos4 θWQ2 (1 +Q2/M2Z)
2
(1 + γ2)
3/2
, (11)
µν,ν¯ = ±1
2
, (12)
3fpi is the pion decay constant, GF is the Fermi constant, θW is the Weinberg angle, and MW , MZ are the masses of
the W and Z bosons.
From (4-9) we can see that the terms ∼ sinφ and ∼ cosφ appear due to interference of the leading twist and
twist-3 contributions, whereas all the other contributions appear entirely due to the twist-3 effects. Since the twist-3
amplitudes are suppressed by 1/Q compared to the leading twist result, we expect that in the large-Q limit
c1, s1 ∼ 1/Q, c0 − 1, c2, s2 ∼ 1/Q2. (13)
Due to the factorization theorem the amplitude Aν′0,νβ in (3) may be written as a convolution of the hard and soft
parts,
Aν′0,να =
ˆ +1
−1
dx
∑
q,q′=u,d,s
∑
λλ′
Hq′qν′λ′,νλCq
′q
λ′0,λα, (14)
where x is the average light-cone fraction of the parton, λ, q (λ′, q′) are the corresponding helicity and flavour of the
initial (final) partons, the helicity amplitude, Hq′qν′λ′,νλ is the process- and baryon-dependent soft part which will be
specified later, and Cqλ′ν′,λν is the hard coefficient function.
In the leading twist, four GPDs, Hq
′q, Eq
′q, H˜q
′q and E˜q
′q contribute to Hq′qν′λ′,νλ. They are defined as
P¯+
2π
ˆ
dz eixP¯
+z
〈
B (p2)
∣∣∣ψ¯q′ (−z
2
)
γ+ψq
(z
2
)∣∣∣A (p1)〉 = (Hq′q (x, ξ, t) N¯ (p2) γ+N (p1) (15)
+
∆k
2mN
Eq
′q (x, ξ, t) N¯ (p2) iσ+kN (p1)
)
P¯+
2π
ˆ
dz eixP¯
+z
〈
B (p2)
∣∣∣ψ¯q′ (−z
2
)
γ+γ5ψq
(z
2
)∣∣∣A (p1)〉 = (H˜q′q (x, ξ, t) N¯ (p2) γ+γ5N (p1) (16)
+
∆+
2mN
E˜q
′q (x, ξ, t) N¯ (p2)N (p1)
)
,
where P¯ = p1 + p2, ∆ = p2 − p1 and ξ = −∆+/2P¯+ ≈ xBj/(2 − xBj) (see e.g. [11] for the details of kinematics).
In the case when the baryon remains intact, A = B, the corresponding GPDs are diagonal in the flavour space,
Hq
′q ∼ δq′qHq, etc. In the general case, when A 6= B, in the right-hand side (r.h.s.) of Eqs. (15), (16) there might be
extra structures which otherwise are forbidden by T -parity in the case of A = B [11]. In what follows we assume that
the target A is either a proton or a neutron, and the recoil B belongs to the same lowest SU(3) octet of baryons. In
this case, all such terms are parametrically suppressed by the current quark mass mq and vanish in the limit of exact
SU(3), so we will disregard them. In this special case, we can rely on the SU(3) relations and express the nondiagonal
transitional GPDs as linear combinations of the GPDs of the proton Hq, Eq, H˜q, E˜q [29], so (14) may be effectively
rewritten as
Aν′0,να =
ˆ +1
−1
dx
∑
q
∑
λλ′
Hqν′λ′,νλCqλ′0,λα, (17)
The twist-3 correction is controlled by the chiral odd transversity GPDs defined as [30]
P¯+
2π
ˆ
dz eixP¯
+z
〈
B (p2)
∣∣∣ψ¯q′ (−z
2
)
iσ+jψq
(z
2
)∣∣∣A (p1)〉 = (18)
=
(
Hq
′q
T (x, ξ, t) N¯ (p2) iσ
+jN (p1) + H˜
q′q
T
P¯+∆j −∆+P¯ j
m2
+ Eq
′q
T
γ+∆j −∆+γj
2m
+ E˜q
′q
T
γ+P¯ j − P¯+γj
m
)
,
where j = 1, 2 is the transverse index. Similar to the leading-twist case, the flavour structure may be simplified with
the help of SU(3) relations and rewritten in terms of the transversity GPDs of the proton.
The matrix Hqν′λ′,νλ in (17) is a linear combination of the helicity-odd and even GPDs,
Hqν′λ′,νλ =
2δλλ′√
1− ξ2
(
−
( (
1− ξ2)Hq − ξ2Eq (∆1+i∆2)Eq2m
− (∆1−i∆2)Eq2m
(
1− ξ2)Hq − ξ2Eq
)
ν′ν
(19)
+ sgn(λ)
(
− (1− ξ2) H˜q + ξ2E˜q (∆1+i∆2)ξE˜q2m
(∆1−i∆2)ξE˜
q
2m
(
1− ξ2) H˜q − ξ2E˜q
)
ν′ν
)
+
+ (mqν′νδλ,−δλ′,+ + n
q
ν′νδλ,+δλ′,−) ,
4where the coefficients mq±,± and n
q
±,± are given by
mq−− =
√−t′
4m
[
2H˜qT + (1 + ξ)E
q
T − (1 + ξ)E˜qT
]
, (20)
mq−+ =
√
1− ξ2 t
′
4m2
H˜qT , (21)
mq+− =
√
1− ξ2
[
HqT −
ξ2
1− ξ2E
q
T +
ξ
1− ξ2 E˜
q
T −
t′
4m2
H˜qT
]
, (22)
mq++ =
√−t′
4m
[
2H˜qT + (1− ξ)EqT + (1− ξ)E˜qT
]
, (23)
nq−− = −
√−t′
4m
(
2H˜qT + (1− ξ)EqT + (1− ξ)E˜qT
)
, (24)
nq−+ =
√
1− ξ2
(
HqT −
ξ2
1− ξ2E
q
T +
ξ
1− ξ2 E˜
q
T −
t′
4m2
H˜qT
)
, (25)
nq+− =
√
1− ξ2 t
′
4m2
H˜qT , (26)
nq++ = −
√−t′
4m
(
2H˜qT + (1 + ξ)E
q
T − (1 + ξ)E˜qT
)
, (27)
and we introduced a shorthand notation t′ = −∆2⊥/(1 − ξ2), where ∆⊥ = p2,⊥ − p1,⊥ is the transverse part of the
momentum transfer.
Evaluation of the hard coefficient function Cqλ′0,λµ is quite straightforward, and in the leading order over αs is given
by the four diagrams shown schematically in Figure 1.
Figure 1: Leading-order contributions to the DVMP hard coefficient functions.
A key ingredient in evaluation of the coefficient functions are the distribution amplitudes (DAs) of the produced
pion. Since we are interested in making evaluations up to twist-3 effects, we have to take into account both twist-2
and twist-3 pion DAs, defined respectively as [31]
φ2 (z) =
1
ifpi
√
2
ˆ
du
2π
ei(z−0.5)u
〈
0
∣∣∣ψ¯ (−u
2
n
)
nˆγ5ψ
(u
2
n
)∣∣∣π(q)〉 , (28)
φ
(p)
3 (z) =
1
fpi
√
2
mu +md
m2pi
ˆ
du
2π
ei(z−0.5)u
〈
0
∣∣∣ψ¯ (−u
2
n
)
γ5ψ
(u
2
n
)∣∣∣ π(q)〉 , (29)
φ
(σ)
3 (z) =
3i√
2fpi
mu +md
m2pi
ˆ
du
2π
ei(z−0.5)u
〈
0
∣∣∣ψ¯ (−u
2
n
)
σ+−γ5ψ
(u
2
n
)∣∣∣π(q)〉 . (30)
As one can see from (28-30), the pseudovector and pseudoscalar DAs φ2;pi , φ
(p)
3;pi are chiral even (symmetric w.r.t.
z → 1− z), whereas the tensor DA φ(σ)3;pi is chiral odd. Straightforward evaluation of the diagrams shown in Figure 1
yields for the coefficient function
Cqλ′0,λµ = δµ0δλλ′
∑
k=±
[
ηqA,kc
(2)
k (x, ξ) + sgn(λ)η
q
V,kc
(2)
k (x, ξ)
]
+ (31)
+ δµ,+δλ,−δλ′,+ (S
q
A − SqV ) + δµ,−δλ,+δλ′,− (SqA + SqV ) +O
(
m2
Q2
)
, (32)
5where we introduced shorthand notations
SqA =
ˆ
dz
((
ηqA+c
(3,p)
+ (x, ξ)− ηqA−c(3,p)− (x, ξ)
)
+ 2
(
ηqA−c
(3,σ)
− (x, ξ) + η
q
A+c
(3,σ)
+ (x, ξ)
))
, (33)
SqV =
ˆ
dz
((
ηqV+c
(3,p)
+ (x, ξ) + η
q
V−c
(3,p)
− (x, ξ)
)
+ 2
(
ηqV+c
(3,σ)
+ (x, ξ)− ηqV−c(3,σ)− (x, ξ)
))
, (34)
c
(2)
± (x, ξ) =
(ˆ
dz
φ2(z)
z
)
8πi
9
αsfpi
Q
1
x± ξ ∓ i0 , (35)
c
(3,i)
+ (x, ξ) =
4πiαsfpiξ
9Q2
ˆ 1
0
dz
φ3,i(z)
z(x+ ξ)2
, c
(3,i)
− (x, ξ) =
4πiαsfpiξ
9Q2
ˆ 1
0
dz
φ3,i(z)
(1− z)(x− ξ)2 ; (36)
and the process-dependent flavor factors ηqV±, η
q
A± are presented in table I. As was discussed above, for the processes,
in which either initial or final baryon is different from proton, we used SU(3) relations [29], valid up to the corrections
in current quark mass ∼ O (mq). In the leading twist, due to the underlying SU(3) relations there are identities
relating the neutrino-hadron and antineutrino-hadron cross-sections. In the next-to-leading order these relations
are broken due to the weak isospin-dependent factor µ in (12), and corresponding SU(3) identities are valid only
for the cross-sections dσTT and dσT ′T (harmonics c2, s2). For certain processes either η
q
+ or η
q
− might vanish. In
this case from the definition (33,34) we may see that SA = ±SV , and the matrix element σ+− which controls the
cross-sections dσTT , dσT ′T (7,9) vanishes identically.
Using symmetry of φp and antisymmetry of φσ with respect to charge conjugation, we can show that dependence
on the pion DAs factorizes in the collinear approximation and contributes only as the minus first moment of the linear
combination of the twist-3 DAs, φp(z) + 2φσ(z),
〈
φ−13
〉
=
ˆ 1
0
dz
φ
(p)
3 (z) + 2φ
(σ)
3 (z)
z
. (37)
We see from (17, 36) that, excluding the very special case when all the transversity GPDs vanish at x = ±ξ, the
transverse amplitude suffers from a collinear singularity at these two points. In order to regularize it, we follow [19]
and introduce a small transverse momentum of the quarks inside the meson. Such regularization modifies (36) to
c
(3,i)
+ (x, ξ) =
4πiαsfpiξ
9Q2
ˆ 1
0
dz d2l⊥
φ3,i (z, l⊥)
(x+ ξ − i0)
(
z(x+ ξ) +
2ξ l2
⊥
Q2
) , (38)
c
(3,i)
− (x, ξ) =
4πiαsfpiξ
9Q2
ˆ 1
0
dz d2l⊥
φ3,i (z, l⊥)
(x− ξ + i0)
(
(1− z)(x− ξ)− 2ξ l2⊥Q2
) , (39)
where l⊥ is the transverse momentum of the quark, and we tacitly assume absence of any other transverse momenta
in the coefficient function.
III. GPD AND DA PARAMETRIZATIONS
The pion DAs are one of the main sources of uncertainty in the present analysis. For the leading twist DA φ2pi(x),
the currently available data on meson photoproduction formfactor Fpiγγ
(
Q2
)
are compatible with an asymptotic form
φas(z) = 6
√
2fpiz(1− z), with a typical uncertainty in the minus-first moment of the order of ∼ 10% (see e.g. [32, 33]
and reviews in [34, 35]).
For the twist-3 contribution, as was discussed in Section II, the DAs φ3;p (z, l⊥) and φ3;σ (z, l⊥) contribute in a
linear combination
φ3 (z, l⊥) = φ3;p (z, l⊥) + 2φ3;σ (z, l⊥) . (40)
For the sake of simplicity, we parametrize (40) in the form
φ3 (z, l⊥) =
2a3p
π3/2
l⊥φas(z) exp
(−a2pl2⊥) , (41)
6Table I: The flavour coefficients ηq± for various processes (q = u, d, s, ...). For the case of CC mediated processes, take η
q
V± =
η
q
±, η
q
A± = −η
q
±. For the case of NC mediated processes, take gq corresponding to vector current coupling g
q
V and axial-vector
current coupling gqA for the helicity odd and even GPDs respectively.
Process type ηq+ η
q
− Process type η
q
+ η
q
−
ν p→ µ−pi+p CC Vudδqu Vudδqd ν n→ µ−pi+n CC Vudδqd Vudδqu
ν¯ p→ µ+pi−p CC Vudδqd Vudδqu ν¯ n→ µ+pi−n CC Vudδqu Vudδqd
ν¯ p→ µ+pi0n CC Vud
δqu−δqd√
2
−Vud
δqu−δqd√
2
ν n→ µ−pi0p CC −Vud
δqu−δqd√
2
Vud
δqu−δqd√
2
ν p→ ν pi+n NC gd (δqu − δqd) gu (δqu − δqd) ν n→ ν pi
−p NC gu (δqu − δqd) gd (δqu − δqd)
ν p→ ν pi0p NC
guδqu−gdδqd√
2
guδqu−gdδqd√
2
ν n→ ν pi0n NC
guδqd−gdδqu√
2
guδqd−gdδqu√
2
ν¯ p→ µ+pi−Σ+ CC −Vus (δqd − δqs) 0 ν¯ n→ µ+pi−Λ CC −Vus
2δqd−δqu−δqs√
6
0
ν¯ p→ µ+pi0Σ0 CC
Vus
2
(δqd − δqs) 0 ν¯ n→ µ
+pi−Σ0 CC −Vus
δqu−δqs√
2
0
ν¯ p→ µ+pi0Λ CC Vus
2δqu−δqd−δqs
2
√
3
0 ν¯ n→ µ+pi0Σ− CC Vus
δqu−δqs√
2
0
ν p→ µ−K+p CC Vusδqu Vusδqs ν n→ µ−K+n CC Vusδqd Vusδqs
ν¯ p→ µ+K−p CC Vusδqs Vusδqu ν¯ n→ µ+K−n CC Vusδqs Vusδqd
ν¯ p→ µ+K0Σ0 CC 0 −Vud
δqd−δqs√
2
ν¯ n→ µ+K0Σ− CC 0 −Vud (δqu − δqs)
ν¯ p→ µ+K0Λ CC 0 −Vud
2δqu−δqd−δqs√
6
ν n→ νK0Λ NC −gd
2δqd−δqu−δqs√
6
−gd
2δqd−δqu−δqs√
6
ν¯ p→ µ+K¯0n CC 0 −Vus (δqu − δqd) ν n→ νK
0Σ0 NC −gd
δqu−δqs√
2
−gd
δqu−δqs√
2
ν p→ µ−K+Σ+ CC 0 −Vud (δqd − δqs) ν n→ µ−K+Σ0 CC 0 −Vud
δqu−δqs√
2
ν p→ ν K+Λ NC −gd
2δqu−δqd−δqs√
6
−gu
2δqu−δqd−δqs√
6
ν n→ µ−K+Λ CC 0 −Vud
2δqd−δqu−δqs√
6
ν p→ ν K+Σ0 NC gd
δqd−δqs√
2
gu
δqd−δqs√
2
ν n→ µ−K0p CC Vus (δqu − δqd) 0
ν p→ ν K0Σ+ NC −gd (δqd − δqs) −gd (δqd − δqs) ν n→ ν K
+Σ− NC −gd (δqu − δqs) −gu (δqu − δqs)
ν p→ ν η p NC
guδqu+gdδqd−2gdδqs√
6
guδqu+gdδqd−2gdδqs√
6
ν n→ ν η n NC
guδqd+gdδqu−2gdδqs√
6
guδqd+gdδqu−2gdδqs√
6
ν¯ p→ µ+ η n CC Vud
δqu−δqd√
6
Vud
δqu−δqd√
6
ν¯ n→ µ+ ηΣ− CC −Vus
δqu−δqs√
6
2Vus
δqu−δqs√
6
ν¯ p→ µ+ ηΣ0 CC Vus
δqu−δqd
2
√
3
−Vus
δqu−δqd√
3
ν n→ µ− η p CC Vud
δqu−δqd√
6
Vud
δqu−δqd√
6
ν¯ p→ µ+ ηΛ CC Vus
2δqu−δqd−δqs
6
−Vus
2δqu−δqd−δqs
3
where the numerical constant ap is taken as ap ≈ 2GeV−1 in analogy with [19, 20].
More than a dozen of different parametrizations of GPDs have been proposed in the literature [7, 12, 28, 36–44].
While we neither endorse nor refute any of them, for the sake of concreteness we use the parametrization [26–28], which
successfully described HERA [45] and JLAB [26–28] data on electroproduction of different mesons, so is expected to
provide a reasonable description of νDVMP. The parametrization is based on the Radyushkin’s double distribution
ansatz. It assumes additivity of the valence and sea parts of the GPDs,
H(x, ξ, t) = Hval(x, ξ, t) +Hsea(x, ξ, t),
which are defined as
Hqval =
ˆ
|α|+|β|≤1
dβdαδ (β − x+ αξ) 3θ(β)
(
(1 − |β|)2 − α2)
4(1− |β|)3 qval(β)e
(bi−αi ln |β|)t, (42)
Hqsea =
ˆ
|α|+|β|≤1
dβdαδ (β − x+ αξ) 3 sgn(β)
(
(1 − |β|)2 − α2)2
8(1− |β|)5 qsea(β)e
(bi−αi ln |β|)t, (43)
and qval and qsea are the ordinary valence and sea components of PDFs. The coefficients bi, αi, as well as the
parametrization of the input PDFs q(x), ∆q(x) and pseudo-PDFs e(x), e˜(x) (which correspond to the forward limit
of the GPDs E, E˜) are discussed in [26–28]. The unpolarized PDFs q(x) are adjusted to reproduce the CTEQ PDFs
in the limited range 4 . Q2 . 40 GeV2. Notice that in this model the sea is flavor symmetric for asymptotically large
7Q2,
Husea = H
d
sea = κ
(
Q2
)
Hssea, (44)
where
κ
(
Q2
)
= 1 +
0.68
1 + 0.52 ln (Q2/Q20)
, Q20 = 4GeV
2.
The equality of the sea components of the light quarks in (44) should be considered only as a rough approximation,
since in the forward limit the inequality d¯ 6= u¯ was firmly established by the E866/NuSea experiment [46]. For
this reason, the predictions made with this parametrization of the GPDs for the p ⇄ n transitions in the region
xBj ∈ (0.1...0.3) might slightly underestimate the data.
The transversity GPDs in the parametrization [20] are obtained using a familiar double-distribution based
parametrization (42,43), and the forward limit of these GPDs is parametrized as
HaT (x, 0, 0) = N
a
HT
√
x(1− x) (qa(x) + ∆qa(x)) ,
E¯T (x, 0, 0) ≡ ET (x, 0, 0) + 2H˜T (x, 0, 0) = NaE¯T x−α(1 − x)β ,
where the values of the parameters Nai , α, β are fixed from the lattice data. Since in the parametrization [20], as well
as in any other parametrization of chiral-odd GPDs available in the literature, s-quarks are not included, we do not
make any predictions for strangeness production.
IV. NUMERICAL RESULTS AND DISCUSSION
In this section we would like to present numerical results for the twist-3 corrections to pion production using
the Kroll-Goloskokov parametrization of GPDs [19, 26–28], briefly discussed in the section III. As was discussed
in section II, one of the consequences of the higher twist corrections is the appearance of the azimuthal angular
dependence of the DVMP cross-sections Since the twist-3 corrections are small, in what follows we prefer to discuss
the results in terms of the angular harmonics cn, sn defined in (2). The most important harmonics is c0, because its
deviation from unity affects the extraction of GPDs in the leading twist approximation, and extraction of the leading
twist result requires the experimentally challenging Rosenbluth separation with varying energy neutrino beam. All
the other harmonics generate nontrivial angular dependence and can be easily separated from the leading-twist
contribution. For example, the angle-integrated cross-section dσ/d lnxBdt dQ
2 is not sensitive to those harmonics at
all.
In Figure 2 we show the harmonics cn, sn for processes without change of baryon state. The processes shown in
the lower row are isospin conjugate to processes in the upper row. While in the leading twist the cross-sections of the
former and the latter coincide, with the account of the twist-3 corrections this is no longer valid due to the difference
in weak isospin of ν and ν¯. In all cases at xB . 0.5, where the cross-section is the largest, the harmonics are small
and do not exceed few per cent. The largest twist-3 contribution is due to the c1 harmonics, which may reach up to
twenty per cent. This is different from the electroproduction experiments, where c1 (∼ σLT ) is very small. This result
can be understood from (6): due to parity nonconservation in weak interactions we have for the interference term
σ0+ 6= σ0−. A positive value of c1 for most processes implies that pion production correlates with the direction of the
produced muon (scattered neutrino) in the case of CC (NC) mediated processes. The interference term also yields a
relatively large harmonics s1 which appears due to the interference of the vector and axial vector contributions.
In the region of x & 0.5 all the harmonics increase, but the cross-sections for both the leading twist and subleading
twist results are suppressed there due to increase of |tmin| and are hardly accessible with ongoing and forthcoming
experiments.
In the Figure 3 we present the harmonics cn, sn for processes with change of the baryon state. As was discussed
in [22], in the leading twist these processes are sensitive to the valence quarks distributions. As we can see, similar to
the previous case, all the harmonics are small and except the region of xB ∼ 1 do not exceed few per cent.
For strangeness production we obtained qualitatively similar results (corrections are small), however we refrain from
making predictions because the corresponding amplitudes are sensitive to the strange component of the chiral odd
GPDs which are unknown at this moment.
V. CONCLUSIONS
In this paper we estimated the contributions of the twist-3 corrections due to the chiral odd GPDs. One of
the manifestations of the twist-3 corrections is the appearance of the dependence on the angle between the lepton
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Figure 2: (color online) Pion production on nucleons without change of the baryon state. Processes in the lower row differ from
the processes in the upper row due to isospin conservation breakdown by higher-twist corrections.
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Figure 3: (color online) Pion production on nucleons with change of the baryon state. Processes in the lower row differ from
the processes in the upper row due to isospin-breaking by higher-twist corrections.
9scattering and pion production planes. We found that the largest harmonics is c1, which can reach up to twenty
per cent, however it does not affect the angular integrated cross-section dσ/dxB dt dQ
2. All the other harmonics
are small and do not exceed few per cent. This happens because in case of neutrino interactions, in contrast to
electroproduction of pions, there are large contributions of unpolarized GPDs H, E to the leading-twist amplitude.
Notice that the similar angular harmonics may be generated by interference of the leading twist result with the
electromagnetic corrections [47]. At moderate virtualities of the order a few GeV2 this mechanism also gives small
harmonics (of the order few per cent), however those corrections grow rapidly as a function of Q2, and already at
Q2 ∼ 100GeV2 electromagnetic mechanism becomes dominant.
To summarize, we conclude that deeply virtual production of pions and kaons on protons and neutrons by neutrinos
with typical values of Q2 of the order few GeV2 provide a clean probe for the GPDs, with various corrections of the
order of few per cent. Our results are relevant for analysis of the pion and kaon production in theMinerva experiment
at FERMILAB as well as for the planned Muon Collider/Neutrino Factory [48–50]. An ideal target for study of the
GPDs could be a liquid hydrogen or deuterium. For other targets there is an additional uncertainty due to the nuclear
effects which will be addressed elsewhere.
We provide a computational code, which can be used for evaluation of the cross-sections with inclusion of the twist-3
corrections employing various GPD models.
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